The biogas production from dedicated crops creates an additional organic fertilizer which may, at least partially, substitute synthetic-N fertilizers. The digestates are characterized by an elevated NH 4 -N content; therefore, they may supply more readily-available N to the crops, compared to manures. Thus, the aim of the study was the analysis of N dynamics in the soil fertilized with the digestate from agricultural biogas plant fed mainly with maize silage with addition of poultry manure and potato pulp. A laboratory incubation experiment was conducted for 56 days and the soil was sampled from the field fertilized with the same digestate under the conditions of regular farming practices. In both the incubation experiment and the field study, the digestate supplied the soil in NH 4 -N. The inorganic-N transformation showed a similar overall pattern with some differences. In the incubation experiment, after the application of the digestate in the amount corresponding to the fertilizer dose of 170 kg N ha -1 , the NH 4 -N content decreased rapidly during the first 14 days from 61.54±5.65 mg N kg -1 to 19.02±4.12 mg N kg -1 and then at the day 42 -to values close to zero. In contrast, the NO 3 -N content increased from 6.35±0.35 mg N kg -1 to 50.65±4.73 mg N kg -1 at day 14 and further to 79.06±13.95 mg N kg -1 at day 42. In the field, the elevation of the NH 4 -N content after digestate application was less pronounced as a consequence of lower application rate (114 kg N ha -1 ); however, the rapid drop in the ammonium-N content from 20.41±9.18 mg N kg -1 at day 0 to 14.80±9.75 mg N kg -1 at day 7 followed by a slow decrease until the day 56, was observed. The average soil NO 3 -N content was rather constant in the first 7 days after fertilization and the rapid nitrification occurred in next 49 days resulting in the nitrate-N increase to 32.97±24.46 mg N kg -1 . The overall pattern of N dynamics in the soil fertilized with digestate was the same in the incubation experiment and under the field condition, even though the studied soils showed some dissimilarities. Rapid ammonium-N transformation to nitrate-N may create favourable conditions for nitrate leaching; therefore, the farm management techniques should be focused on nutrient recycling and N loss prevention.
INTRODUCTION
Digestate, as a by-product of anaerobic digestion (AD) of organic matter during biogas production, is a valuable fertilizer with an increased content of NH 4 -N comparing to substrates. During anaerobic digestion, total nitrogen (TN) is conserved, while complex organic N compounds are mineralized to the ammonium form, which is used by microorganisms in the digester only partially. Less than 1% of TN is lost during the AD process as a result of struvite and ammonium carbonate formation and N volatilization in the biogas stream [Möller, Müller 2012] .
Addition of nitrogen with digestate to soil causes many processes such as mineralization, immobilization, nitrification and denitrification, together with leaching and volatilization, which depend not only on the intrinsic properties of digestate such as the content and form of applied N but also on soil properties, weather conditions, mainly temperature and precipitation and application technology. The mineralization and nitrification rate depends mainly on organic matter (OM) content in the soil and to some extent on soil textural properties; however, the interaction with clay minerals is less significant [Rigby, Smith 2013 ]. The digestate type, depending on , the NH 4 -N content decreased rapidly during the first 14 days from 61.54±5.65 mg N kg -1 to 19.02±4.12 mg N kg -1 and then at the day 42 -to values close to zero. In contrast, the NO 3 -N content increased from 6.35±0.35 mg N kg -1 to 50.65±4.73 mg N kg -1 at day 14 and further to 79.06±13.95 mg N kg -1 at day 42. In the field, the elevation of the NH 4 -N content after digestate application was less pronounced as a consequence of lower application rate (114 kg N ha -1 ); however, the rapid drop in the ammonium-N content from 20.41±9.18 mg N kg -1 at day 0 to 14.80±9.75 mg N kg -1 at day 7 followed by a slow decrease until the day 56, was observed. The average soil NO 3 -N content was rather constant in the first 7 days after fertilization and the rapid nitrification occurred in next 49 days resulting in the nitrate-N increase to 32.97±24.46 mg N kg raw material used for AD process, also affects the rate of nitrogen transformation and introduction liquid or solid fraction may promote or suppress the N mineralization [de la Fuente et al. 2013 ]. The digestate stability influences the N-dynamics in soil; therefore, not all digested materials can be applied directly to the field, some less stable ones should undergo curing or maturing process first and highly unstable materials should be stabilized by means of the aerobic post-treatment [Alburquerque et al. 2012] .
Most studies on the N dynamics in soil after application of digestate are based on the incubation experiments carried out under controlled conditions which allow eliminating weather conditions, plant uptake and spatial heterogeneity of soil changing in time [Delin et al. 2012 ]. Incubation experiments are often carried out in soil moisture adjusted to 60% water holding capacity and the temperature of 25 o C, which are the optimal conditions for mineralization and nitrification process [Smith et al. 1998 ] but rather unlikely to be found and last for several weeks in the field, especially in the countries with temperate or cold climate. This could be overcome by the temperature adjustment to the real mean temperature of the vegetation period [Johansen et al. 2013 ], but this, in turn, may complicate the comparison of the results. The field trails are conducted under the local weather conditions, often with the crop rotation typical for the region. Even though the weather and -hence -the soil moisture and temperature variability as well as soil heterogeneity may have some impact on the results. Nevertheless, Cavalli et al. [2017] reported that the N availability in the soil fertilized with manure and digestate in the incubation experiment and field trials were similar but the incubation method gave better insights into the decomposition dynamics.
The aim of the study was to analyze the N dynamics in the soil fertilized with the digestate from agricultural biogas plant fed mainly with maize silage with addition of poultry manure and potato pulp. Additionally, the results from the incubation method were compared with the results obtained from sampling soil under regular cultivation.
METHODS

The incubation experiment
A loamy sandy soil used in the incubation experiment was collected from 0-0.2 m depth of ar- Table 1 . Prior to the incubation, the soil was air dried and passed through a 2 mm sieve. The digestate (MSD) used in the incubation experiment was obtained from agricultural mesophilic biogas plant fed with maize silage (90%), poultry manure (5%) and potato pulp (5%). The main digestate properties are presented in Table 2 .
The aerobic incubation of 77 g ww of soil treated with digestate was performed in the dark for 56 days at temperature 25±1 o C in three replicates. The soil moisture was adjusted to 60% of the water holding capacity (WHC). Fresh digestate was added to the soil in the amount equal to the recommended annual rate of N application in organic fertilizers, which is 170 kg N ha -1 [Journal of Laws of 2007 No. 147 item 1033]. The exact rate was calculated on the basis of the nitrogen content in digestate and measured bulk density of soil equal to 1.51 g cm -3 assuming the cultivation depth of 0.2 m. The soil was incubated in plastic vessels of 100 ml capacity and covered with Parafilm to control the soil moisture and to ensure correct diffusion of gases. The soil moisture was checked every 3-4 days and adjusted by adding distilled water if necessary. In order to follow the N dynamics, three samples were removed from the incubator at day 0, 2, 7, 14, 28, 42 and 56 for the analysis of inorganic nitrogen (NO 3 -N and NH 4 -N). Additionally, total N, soil organic C, pH and electrical conductivity (EC) were measured. The samples without the addition of digestate were treated as control. In total, 42 samples were incubated.
The field study
The field study was carried out on the arable field located in the vicinity of Białystok (52 o 92'N, 23 o 24' E, 140 m a.s.l.). The climate of the region is classified as temperate with certain features of thermal continentalism, with short vegetation period lasting from 190 to 200 days, warm summers and cold winters. The annual precipitation averages 593 mm and the average air temperature is 6.8°C (Górniak 2000) . The field is cultivated with conventional system with digestate as fertilizer and crop rotation consisting of triticale (Triticosecale Wittm. Ex A. Camus.) and maize (Zea mays L.). The digestate used as fertilizer was obtained from the same agricultural biogas plant.
The main characteristics of the digestate are shown in Table 2 , while the textural and chemical characteristics of the soil are presented in Table 1 . In August 2015 after triticale harvest, the field was fertilized with the digestate in application dose of 30 m 3 ha -1 (corresponding to 114 kg N ha -1 ), then the digestate was incorporated into the soil with disk harrow. The soil samples in 10 replicates were collected on the following occasions: after triticale harvest; after digestate incorporation into the soil at day 0, and then 5, 7, 40 and 56 days after fertilization. The NO 3 -N and NH 4 -N content in the samples was measured. In addition, the pH, EC, TN and SOC were determined.
The daily precipitation and temperature data for period from June to October 2015 were taken from WatchDog 2900ET weather station located at the Białystok University of Technology.
Analytical methods
The soil moisture was determined after drying at 105±2 o C to constant weight. The soil particle-size distribution was assessed according to the Bouyoucos method modified by Casagrande and Prószyński. Bulk density was assessed in undisturbed soil samples in steal cylinder with volume of 100 cm 3 . The soil pH KCl was determined with a HQD 40 pH meter (Hach, USA) in 1:2.5 (w/v as g/ml) soil/0.1 M KCl suspension. The soil EC was measured with HQD 40 meter (Hach, USA) in 1:2.5 (w/v as g/ml) soil/water suspen- The sum of base cations (SBC), cation exchange capacity (CEC) and base saturation (BS) were calculated. After extraction with calcium lactate solution, the plant-available P was determined with ammonium metavanadate method using UV-1800 spectrophotometer (Shimadzu, Japan) and plant available K was analyzed using flame photometry (BWB Technology, USA). After nitric acid/hydrogen peroxide microwave digestion in ETHOS One (Milestone s.r.l., Italy) the content of total P was determined with ammonium metavanadate method using UV-1800 spectrophotometer (Shimadzu, Japan) and the total K content was measured using flame photometry (BWB Technology, USA). Total solids (TS) and volatile solids (VS) in the digestates were measured according to the standard methods [APHA 1998 ]. The digestates were analyzed for total Kjeldahl nitrogen (TKN), total organic carbon (TOC), total P and K with methods used for determination of these parameters in soil. The analyses of soil and organic materials were run in triplicate.
Statistical analysis
The data from incubation experiment were subjected to two-way analysis of variance (ANOVA) and the difference between means was determined by Tukey HSD test (p<0.05). The Kruskal-Wallis test was performed on the data from the field study, because of the inhomogeneity of results obtained from chemical analyses. The comparison of digestates and soils used for incubation and from the studied field was performed using U Mann-Whitney test (p<0.05). All analyses were conducted using Statistica 12 software.
RESULTS AND DISCUSSION
Both soils were loamy sands with pH KCl indicating acidic conditions. The NO 3 -N concentration in the soil for incubation was lower than in the soil from field, while the soil used for the incubation experiment was characterized with much higher (p<0.05) NH 4 -N content equal to 27.98±0.98 mg N kg -1 comparing to soil from the field (6.91±2.68 mg N kg -1 ). The TN content was very similar in both soils, while SOC was significantly higher (p<0.05) in the soil used for incubation experiment, which resulted in a better C/N ratio in this soil. The soil from the studied field was characterized with significantly higher (p<0.05) content of plant-available P and K. The total P content was higher in the soil taken for incubation, while the total K content was higher in the soil from the studied field. Additionally, SBC and CEC were significantly (p<0.05) higher in the soil used for incubation. The differences between the soil properties are mainly due to the different farming system. The soils under organic farming system are usually characterized with higher pH values and lower nitrate content but higher nutrient mineralization potential and higher SOC content than the soils under conventional farming system [Schrama et al. 2018 ]. Higher SOC concentration and stocks in the top part of soil under organic farming system are mainly due to the organic matter recycling and incorporation of forage legumes in crop rotation [Gattinger et. al. 2012] . Low content of the plant-available P is also typical for the soils under organic farming system and is the result of soil depletion through nutrient removal with crops and addition of nutrients in organic or slow-release sources, therefore not containing readily soluble nutrients [Stockdale et al. 2002] .
Both digestates originated from the same biogas plant; thus, all measured parameters were similar. Total solids were equal to 7.21±0.13 % and 6.42±0.10 %, while volatile solids amounted to 72.59±0.28 %TS and 76.67±0.51 %TS, typical for digestate obtained from maize silage [Malerba et al. 2014 ]. The TKN content was similar in the samples taken for both occasions and was in good agreement with the results obtained for the digestate produced in agricultural biogas plant fed with similar substrates [Malerba et al. 2014] . Only the TP content was higher (11.81±0.30 g kg -1 ) in the digestate used for the incubation experiment than in the digestate used for field fertilization ), however the difference was not statistically significant (p>0.05).
In the incubation test, the addition of the digestate resulted in an elevation of ammonium-N content from 14.86±0.60 mg N kg -1 to 61.54±5.65 mg N kg -1 at day 0, while the NO 3 -N content was low and amounted to 6.35±0.35 mg N kg -1 . The elevated concentration of NH 4 -N in the soil treated with the digestate resulted from nitrogen occurrence mainly in the ammonium form as a consequence of organic-N mineralization during the AD process [Möller, Müller 2012] . In the control soil, the NH 4 -N content decreased rapidly during the first 7 days of incubation to 5.15±2.18 mg N kg -1 and a slower decline to 2.91±1.17 mg N kg
was observed in next 7 days. After next two weeks, the amount of ammonium-N in control soil increased slightly to 7.60±3.41 mg N kg
and from day 42 onward, its concentration was close to zero ( Figure 1a ). Similar pattern of NH 4 -N content was observed in the soil fertilized with digestate; however, the amounts of ammonium-N in soil were much higher. The NH 4 -N concentration rapidly declined within the first two weeks and was equal to 19.02±4.12 mg N kg -1 at day 14, and then fertilized soil showed a fairly constant NH 4 -N content until the day 42, when it dropped down to almost zero and stayed at this level till the end of incubation. This pattern of NH 4 -N dynamics during the incubation experiments conducted on soils amended with digestates originated from AD process of different substrates and treated with organic fertilizers was reported previously In contrast, the NO 3 -N content in both soils was low at the beginning of the experiment and amounted to 5.23±0.30 mg N kg -1 in the control soil and to 6.35±0.35 mg N kg -1 in the fertilized soil. The unamended soil showed an increase of NO 3 -N content until day 7 to the value of 18.60±1.14 mg N kg -1 and then showed a fairly constant NO 3 -N content during next 7 days. In the next two weeksm the NO 3 -N concentration rose to 42.56±3.01 mg N kg -1 and further was fairly stable till the end of incubation at day 56. In the soil treated with digestate, a rapid increase of the The pH KCl in both unamended and amended soils was acidic and decreased very slightly; however, the decline in the soil treated with digestate was more pronounced (Figure 2a) . The soil pH was significantly influenced both by time and addition of digestate (p<0.001) and paralleled nitrification process due to acidifying effect of proton formation [Bernal, Kirchmann 1992] . These results are consistent with the studies on N transformation in the soils treated with raw cattle slurry and cattle slurry co-digested with maize silage or grass-clover silage [Johansen et al. 2013] . The EC mirrored the pattern observed for NO 3 -N content. In the soil control, the EC value at day 0 was equal to 55.0±2.0 µS cm -1 and rose to 167.4±0.9 µS cm -1
at the end of incubation, while in the soil treated with digestate, the increase of soil EC was observed from 80.1±0.5 µS cm -1 at day 0 after fertilizer application to 285.7±9.5 µS cm -1 at day 56 (Fig. 2b) . Soil EC was influenced by time (p<0.001), addition of digestate (p<0.001) and their interactions (p<0.001). A similar pattern of EC dynamics in soil was observed by Gómez-Brandón et al. [2016] ; however, the EC values were much higher in the control soil and in the soil treated with manure, compost, vermicompost and digestate than in the present study. The differences in the obtained results are mainly due to the significantly lower EC value in the soil used in the present experiment.
The total nitrogen content was similar in both control and fertilized soil and was equal to 1.05±0.04 g N kg -1 . At the end of incubation, the TN content was very similar and amounted to 1.05±0.01 g N kg -1 and 1.06±0.02 g N kg -1 in the control and amended soil, respectively (Figure 3a) . The soil organic carbon in the control soil was equal to 15.28±0.27 g C kg -1 and was similar in the fertilized soil. After 56 days of incubation, the SOC content was still on the same level (Figure 3b) .
The nitrification process under the conditions of regular soil fertilization in the field under local weather conditions followed similar pattern. The digestate used as fertilizer on the studied field supplied the soil in ammonium-N, the content of which in soil increased significantly (p<0.05) from 6.91±2.68 mg N kg -1 to 20.41±9.18 mg N kg -1 . In next 5 days slight increase of the NH 4 -N content was observed and a rapid decline in next 2 days occurred to the value of 14.80±9.75 mg N kg -1 . In next 49 days the NH 4 -N content decreased very slowly to the value of 4.86±2.76 mg N kg -1 . The soil NO 3 -N content was rather constant in the first 7 days after fertilization and the rapid nitrification occurred in next 49 days resulting in significant (p<0.05) nitrate-N increase to 32.97±24.46 mg N kg -1 (Figure 4a ). Incorporation of digestate into the soil resulted in an increase of the NH 4 -N content and started several processes such as nitrification, immobilization and emission. Very low moisture of soil 4.23±1.00% (Figure 4b ) at the day of digestate application and incorporation to the soil, created unfavourable conditions for denitrification and for ammonia volatilization; thus, it seemed that the main process occuring in the soil was nitrification, as it was observed by Goberna et al. [2011]. However, Riva et al. [2016] reported serious ammonia losses through emissions when digestate was applied at the surface. In the present study, even though discing do not mix fertilizer with soil thoroughly, the almost immediate incorporation of digestate to the soil coild impair the ammonia emissions.
The average pH of soil in the studied field was equal to 4.32±0.23 and slightly increased during 56 days to 4.70±0.23. The average soil EC at day 0 after addition of fertilizer amounted to 109.6±21.3 µS cm -1 and changed in the next 56 days to the value of 153.7±59.0 µS cm -1 . The TN content at day 0 and at the end of study period (day 56) was similar (0.9±0.7 g N kg -1 ), while the SOC content just after digestate incorporation into the soil was equal to 7.9±0.62 g C kg -1 and after 56 days organic carbon content in soil reached the value of 8.2±0.7 g C kg -1 ; however. this difference was statistically insignificant (p>0.05).
It is worth noting that 2015 was an extremely warm year, with very warm June, anomalously warm July, extremely warm August and anomalously warm September [IMWM, 2015] . The mean monthly temperatures measured by the weather station located at the Białystok University Technology were 17. o C and still rather low precipitation ( Figure 5 ). These high temperatures and low precipitation were reflected in very low soil moisture. Higher precipitation in September resulted in an increase of soil moisture to 7.82±0.48%. These very dry and warm conditions were favourable to the nitrification process, because it reaches the optimum at temperature ranges from 25 o C in temperate climate to 35 o C in tropical soils. Very dry conditions may partially impair the process, even though nitrifying bacteria are autotrophs producing nitrate in the presence of oxygen; hence, the nitrification occurs in well-aerated soils with the maximum rate of NO 3 -production when soil air contains 20% of oxygen, which is similar concentration to this in the atmospheric air, because -to some extent -the nitrification decreases in dry soil [Sahrawat 2008 ]. This is especially important in a changing climate in which hot summers are predicted to occur more often. Global warming increases the temperature extremes, mainly hot events, ranging from a single day or a few consecutive days (heat waves) even to monthly or season events. Although the annual precipitation is predicted to increase in high latitudes of Northern Hemisphere, the elevated evapotranspiration over the land may lead to more frequent and more intense periods of agricultural drought and overall low soil moisture in summer. At the same time, at daily to weekly scales, more intense individual storms are projected [IPCC 2013 ]. Such events may contribute to higher soil erosion rates and rapid leaching increasing the nitrogen losses from soil. Especially, nitrate leaching may partially exacerbate the advantages of digestate application to soil as fertilizer. Even though the nitrate concentration in the leachates from the soils fertilized with digestate was lower than that obtained from the soils treated with mineral fertilizer with the same N dosage, the nitrate leaching potential of biogas residues was similar to this of cattle slurry [Svoboda et al. 2013 ]. Thus, the digestate derived from AD processing of energy crops has a potential for substituting mineral fertilizers, but in the case of leaching potential it does not have an advantage over other organic fertilizers. Finally, it must be emphasized that the spatial variability of chemical properties in the studied soil was pronounced and, therefore, 10 samples were taken to establish inorganic-N dynamics. In the case of incubation, the variation among the replicate samples was lower; thus, only three replicates were used. Lack of sampling between 7 and 40 day after fertilization may also influence the observed pattern of soil N transformations; therefore. more frequent sampling campaign should be planned. However, it must be borne in mind that the sampling scheme should include the changes in soil moisture and air temperature, which are unavoidable under natural weather conditions.
CONCLUSIONS
The results of the study confirmed that the addition of the digestate obtained through anaerobic digestion of maize silage supplies the soil in ammonium-N, which is rapidly transformed to the nitrate form. This implies the management for field application of digestate should minimize the potential losses of nitrate, which may occur mainly during the late productive stage or after harvest. The overall pattern of N dynamics in the soil fertilized with the digestate was the same in the incubation experiment and in the field under the weather conditions of dry and hot summer, which is predicted to occur more often as a result of global warming. These conditions are favourable for the nitrification process and rapid increase of nitrate in soil may have a negative impact on surface and ground waters through elevated NO 3 -leaching. Finally, the incubation experiment in laboratory conducted under controlled conditions, gives more reliable results with lower heterogeneity, which can be easily compared with the results from other studies.
